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The haloarchaea are aerobic, heterotrophic, photophosphorylating prokaryotes, 
whose supposed closest relatives and ancestors, the methanogens, are CO2-
reducing, anaerobic chemolithotrophs. Using two available haloarchaeal 
genomes we firstly confirmed the methanogenic ancestry of the group and then 
investigated those individual genes in the haloarchaea that differ in their 
phylogenetic signal to this relationship.  We found that almost half the genes, 
about which we can make strong statements, have bacterial ancestry and are 
likely a result of multiple horizontal transfer events. Futhermore their functions 
specifically relate to the phenotypic changes required for a chemolithotroph to 
become a heterotroph. If this phylogenetic relationship is correct, it implies the 
development of the haloarchaeal phenotype was among the most extreme 
changes in cellular physiology fuelled by horizontal gene transfer.  
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Introduction: 
Within the Euryarchaea, the haloarchaea are considered to be a monophyletic group 
[1] and due to their mesophilic, heterotrophic, aerobic and photophosphorylative 
nature, their phylogenetic affiliation with the other Archaea was not realised initially 
[2]. Some strains of haloarchaea have bacteriorhodopsin bilayer membrane 
components that serve as light-driven proton pumps. Light energy is used to pump 
protons out of the cell and thereby generate an electrochemical potential. This, in turn 
drives ATP synthesis. This is similar in nature to the mechanism used by bacterial 
proteorhodopsin.  The haloarchaea are also aerobic and heterotrophic and the ease 
with which they will grow under laboratory conditions is part of the reason they have 
been suggested to be ideal candidates for the study of archaeal systems biology [1, 3].  
 
Phylogenies constructed from both Small subunit (SSU) ribosomal RNA phylogenies 
[4]  and universally distributed protein coding genes [5] place the haloarchaea as a 
sister group to the Methanomicrobiales, deep within the methanogenic Archaea 
suggesting that they are derived from a methanogenic ancestor [1]. Energy production 
for the haloarchaea is significantly different to the Methanomicrobiales, whereas gene 
structure, DNA replication, transcription and translation as well as lipid linkages are 
very similar.  The Methanomicrobiales, in contrast to their supposed close relatives, 
are strictly anaerobic and active at redox potentials between –350 and –450 mV.  
They are not heterotrophic and in the chemolithotrophic process of making cell 
material from H2 and CO2, they produce methane (CH4) using a number of unique 
energy-generating processes [6]. If the haloarchaea and their aerobic, heterotrophic 
photosynthetic characteristics were derived from a methanogenic ancestor [1],  then 
either there is a need to find an explanation for this vast number of physiological 
 4
changes or the SSU rRNA-derived phylogenetic position is incorrect and the 
haloarchaea are more closely related to some other group of prokaryote. An 
explanation of haloarchaeal evolution could therefore provide an insight into how this 
dramatically different biological system arose. 
 
One explanation could be that simple point mutations have fuelled the extraordinary 
changes in the Haloarchaea, but the possibility arises that they came about by some 
alternative processes. Some composite phylogenies have suggested that the placing of 
the haloarchaea in the middle of the methanogens may be incorrect [7, 8]{Clarke, 
2002 #39}{House, 2002 #40}. These results are based on the analysis of available 
phylogenies [7] or on the basis of shared orthologs [8]{Clarke, 2002 #39}.  In this 
scenario, the haloarchaea are placed as one of the earliest branching Archaea. The 
phenotypic characteristics of the haloarchaea are therefore easily interpreted as the 
retention of ancestral functions and their loss in other Archaea.  However, the 
placement of the haloarchaea as an early branching Archaeon may simply be the 
result of including genes with conflicting evolutionary histories {Brochier, 2004 
#38}. 
 
One such source of conflicting evolutionary history comes from Horizontal Gene 
Transfer (HGT), the mechanism and influence of which on the prokaryote tree of life 
has been extensively debated [9-14]. Generally, analyses of HGT have involved the 
identification of alien sequences either without reference to other genomes (e.g. the 
use of synonymous codon usage statistics) [15] or by searching for homologues in 
available databases or whole genomes (using string matching techniques like BLAST 
[16]). Both of these methods identify alien genes in the species in question, but in a 
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phylogenetic context they only identify events that have occurred at the tips of a tree 
[17]. A third method used for the identification of HGT involves the comparison of a 
gene tree to a species tree. The advantage of this method is that it is possible to 
identify those genes that have been transferred as those that are “out of place” when 
compared to the species tree [18]. The problems with this method include the 
difficulties inherent in phylogeny reconstruction [19] and in distinguishing “bad” 
phylogenies from HGT [9].  
 
In order to be as rigorous as possible we used a combination of these 
approaches when identifying possible HGTs. Firstly we identified archaeal specific 
gene families (in single copy) from completely annotated genomes to infer a robust 
(species) tree for the Archaea using total evidence and supertree approaches. We then 
analysed the haloarchaeal clade for ancestral inter-domain HGT transfers from 
Bacteria using a phylogenetic approach in order to identify genes that could 
potentially have led to the emergence of the haloarchaeal phenotype. 
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Methods: 
The amino acid sequences of 156 completely-sequenced genomes were retrieved from 
the COGENT database [20] and one (Haloarcula marismortui) from the NCBI. These 
genomes included 12 Eukarya, 17 Archaea and the remaining 128 represented a broad 
spectrum of available bacterial groups (see online supplementary information for a 
complete list). We performed all-against-all BLASTP searches with these genomes 
and identified gene families where all members were capable of identifying all other 
members of the family (and nothing else) using an e-value cut-off of 10-7. This 
approach is very conservative but it decreases the likelihood of using spliced genes 
and of inadvertently using paralogs for species tree inference. 
 
Construction of an archaeal species phylogeny: 
1) Taxonomic congruence analysis 
The subset of archaeal-specific single-gene families were used for the purposes of 
constructing an archaeal species phylogeny.  We eliminated gene families where there 
was more than one member of the family in any given archaeal genome (multi-gene 
families) or where there was a member outside the Archaea. Two–hundred and twenty 
gene families were identified that met these criteria.  Each of these families were 
aligned with ClustalW 1.81 [21] using the default settings.  In order to test for the 
presence of a level of signal that is greater than randomness, 1,000 replicates of the 
Permutation Tail Probability (PTP) test were carried out on each alignment using 
PAUP* 4.0b10 [22], where the p-value cut-off was 0.001. Fifteen of the alignments 
failed this test so phylogenetic hypotheses were constructed using only the remaining 
205 (these are available from the online supplementray information). The 
phylogenetic trees were constructed using Puzzleboot 
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(http://hades.biochem.dal.ca/Rogerlab/Software/software.html) and Tree-Puzzle [23]. 
A total of 100 bootstrap replicates were created for each of the 205 gene family 
alignments using Seqboot from the PHYLIP package [24]. These replicates were then 
used by Tree-Puzzle to create 100 distance matrices for each gene family using the 
JTT model [25].  The model of sequence evolution assumed there were two classes of 
sites – one being invariable and the other class being free to change. The rate 
variation across the variable sites was assumed to follow a gamma shape distribution 
that was approximated using a discrete approximation with eight categories of sites.  
Phylogenetic hypotheses were then constructed based upon these distance matrices 
using the neighbor-joining algorithm [26] implemented in the NEIGHBOR program 
of the PHYLIP package [24].  Agreement across these 100 trees was then summarised 
using a majority-rule consensus where only hypotheses of relationships with greater 
than 70% Bootstrap Proportion (BP) support were retained (the resulting 205 trees are 
available from the online supplementary information). 
A phylogenetic supertree approach was then used in order to evaluate the level of 
agreement across these gene trees.  All 205 gene trees were used as input for the Most 
Similar Supertree Algorithm (MSSA) [9] and the Matrix Representation using 
Parsimony (MRP) method as implemented in Clann [27]. One hundred bootstrap 
replicates were carried out using both these methods (see [28] for properties of the 
method). 
 
2) Total evidence analysis 
Thirty-seven of the 205 single gene families were universally distributed across all 17 
archaeal taxa, and their aligned sequences were concatenated together for a Total 
Evidence (TE) analysis. The initial stage of the TE analysis consisted of classifying 
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all the amino acid positions of the concatenated alignment into different rate 
categories.  Tree-Puzzle [23] was used for this purpose assuming the JTT model [25] 
and with site rate heterogeneity approximated using a gamma shape distribution.  
Eight categories of sites were assumed to exist in this alignment and each of the sites 
of the alignment were placed into one of these eight rate categories.  Using this 
classification, three alignments were constructed: the first contained all categories of 
sites; the second with category eight (the fastest-evolving) removed; and the third 
with categories seven and eight removed. Phylogenetic trees were constructed for 
each of these three alignments using two approaches. The first was a Bayesian 
posterior probability with Markov Chain Monte-Carlo (MCMC) approach (using the 
JTT model of amino acid substitution) as implemented in MrBayes [29]. The second 
approach used Puzzle-Boot and Tree-Puzzle as described earlier. The branch lengths 
on the tree were calculated from the complete alignment of the 17 universally 
distributed genes using PROTDIST and NEIGHBOR from the PHYLIP package. The 
three alignments are available from the online supplementary information. 
 
Identification of inter-Domain HGT events 
1) Phylogenetic analysis of Haloarchaeal genes 
All Halobacterium NRC-1 and H. marismortui genes that had homologues in Archaea 
and Bacteria (as defined by the gene families constructed) were analysed for HGT 
events using phylogenetic reconstruction. Each gene family was aligned using the 
default settings in ClustalW 1.81 [21]. One hundred bootstrap replicates were then 
created for each alignment using SEQBOOT from the PHYLIP package [24] and 
distance matrices were estimated for each bootstrapped alignment using the JTT 
substitution model as implemented in PROTDIST in PHYLIP [24]. Phylogenetic 
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trees were then reconstructed for each distance matrix using the Neighbor-joining 
algorithm as implemented in NEIGHBOR from the PHYLIP package [24]. Finally, 
only hypotheses of relationships with greater than 70% bootstrap proportion (BP) 
support (as calculated using CONSENSE from the PHYLIP package [24]) from all 
100 bootstrap replicates were retained in the final tree. The trees were then 
categorised by eye according to the evidence of HGT from the phylogenetic analysis. 
The four categories as illustrated in Figure 1 are: Definite HGT (where a haloarchaeal 
gene arose from within a strongly supported bacterial clade), Likely HGT (where a 
haloarchaeal gene was placed with high BP support as a sister taxon to a bacterial 
clade), Unlikely HGT (Where there was no BP support for a definite phylogenetic 
position of a haloarchaeal gene), No HGT (Where the phylogenetic position of the 
haloarchaeal query gene was placed with strong support either within an archaeal 
group or as sister taxon to an archaeal group). 
 
2) Identification of HGT events in the haloarchaeal stem lineage. 
In the event that a sequence from Halobacterium NRC-1 and a sequence from H. 
morismortui were recovered as strongly-supported sister taxa, but both sequences 
were nested within a bacterial clade or placed as sister group to such a clade, this was 
taken as evidence for the acquisition of a gene in the halobacterium stem lineage. 
 
Results: 
Phylogenetic position of the haloarchaea within the Archaea. 
 
The concatenated alignment of the thirty-seven universally distributed genes used in 
the TE analysis had a total alignment length of 10,324 positions. Based on their rate 
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heterogeneity, 1,648 amino acid positions were classified into category eight (the 
most rapidly-evolving) and 1,405 amino acid positions were classified into category 
seven. 
 
A summary of the results of the six different total evidence (TE) phylogenetic 
analyses carried out are shown in Figure 2. Every branch of this tree received clade 
probability support of 1 from the MCMC analysis, strongly supporting the sister-
group placement of the Halobacteriales and the Methanosarcinales. This indicates that 
the haloarchaea have a methanogenic ancestry. Nanoarchaeum equitans was used as 
an outgroup as phylogenetic trees derived from ribosomal proteins indicate that it is 
one of the earliest diverging groups of Archaea (it may be a deeply branching 
Euryarchaeote or Crenarchaeote, however neither of these positions would effect the 
results presented here) [30]. 
In the Tree-Puzzle analyses the support increased as the most rapidly evolving sites 
were stripped until when categories 7 and 8 were both stripped, every branch received 
greater than 95% BP support. This phylogenetic tree agrees with results from 
Ribosomal RNA gene phylogenies [4] and with respect to the position of the 
haloarchaea it disagrees with the results of gene content analyses [7, 8].  
 
The taxonomic congruence (TC) analyses carried out on the 205  archaeal-specific 
gene trees also supported the tree in Figure 2.  The gene trees were generated using a 
total of 64,709 aligned positions (with an average alignment length of 315 amino 
acids). The number of input trees with 4 to 17 taxa were as follows: 43, 33, 19, 17, 11, 
6, 6, 8, 3, 4, 7, 4, 7, 37, respectively.  When the underlying input trees were examined, 
39% were identical to the best supertree pruned to the same taxa-set (i.e. completely 
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compatible). This compares well with the 46% found to be completely compatible 
with the γ-proteobacterial phylogenetic supertree described previously using the same 
approach [9].  
 
Origin of archaeal genes 
 Using a phylogenetic approach, we specifically looked for transfers into the 
haloarchaea from Bacteria. Paying attention to each haloarcheal genome separately 
and only to those genes for which we could make robust inferences of phylogenetic 
relationships, we could make a statement about 771 genes in Halobacterium NRC-1.  
A total of 277 of these genes (35.9%) were interpreted as definite inter-domain HGT, 
56 (7.2%) as likely HGT and 438 (56.8%) were identified as definitely not HGT.  In 
H. marismortui we could make statements about 1,194 genes. A total of 465 genes 
(38.9%) were interpreted as definite inter-domain HGT, 96 (8%) as likely inter-
domain HGT and 633 (53%) as definitely not HGT. When these results are combined, 
281 genes are present in both Halobacterium NRC-1 and H. marismortui, are 
monophyletic with greater then 70% BP support and appear to be acquired from 
Bacteria.  In total, our results indicate that in both haloarchaea, almost half the genes 
are not archaeal in origin, but bacterial.  Although we were restricted by the limits of 
genome sampling and the uncertainty inherent in phylogenetic methods and our own 
desire to make conservative estimates, the number of genes involved can be 
considered large enough to be reasonable estimates of the phylogenetic affiliations of 
the entire dataset.  We expect that in the fullness of time and with greater sampling, 
definite statements will be made about a larger proportion of the genes in these 
genomes.  However, the signal, irrespective of the methods of analysis indicates that 
the haloarchaeal genomes are almost as much bacterial as archaeal. 
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Functions of ancestrally acquired genes in haloarchaea 
Of those definite and likely HGT events identified, 281 occurred prior to the 
separation of Halobacterium NRC-1 and H. marismortui. The largest functional 
category in this group were the transporters making up 21% of all the genes for which 
we could assign a function, followed by energy metabolism making up 11.5% (Table 
1). The next most highly represented functional categories were regulation (7.5%), 
cell-envelope components (5.3%) and cellular processes (4.4%). The nutrient uptake 
genes acquired through ancient HGT events include ABC transporters for sugars and 
ribose, glycerol 3-phosphate, spermidine/putrescine, phosphate, zinc and copper. 
Additionally, Iron permease and Na+/H+ antiporters have also been acquired through 
ancient HGT events. Figure 3 shows one example of some interacting metabolic 
pathways that contain ancestral HGT genes, these include 6 out of the 8 genes 
possessed by H. marismortui for the anaerobic reoxidation of pyruvate, 3 out of the 
16 genes for glycolysis/gluconeogenesis and 3 out of the 10 genes involved in the 
citrate cycle. Considering the conservative approach we have taken at every step of 
our analysis we expect that the numbers of horizontally transferred genes into each of 
these metabolic pathways is actually higher than reported here. Nonetheless even just 
taking our results at face value demonstrates the contribution from the bacterial 
domain in these organisms. 
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Discussion: 
It has been suggested previously that the genome sequence of Halobacterium NRC-1 
has a significant bacterial character [1, 31], but the full extent of the situation has not 
been identified. Furthermore, in the absence of a species phylogeny for the Archaea 
which has been constructed from those genes known to exist only in the Archaea, its 
interpretation has been problematic [8]. 
 
We have shown that using Archaea-specific genes, the phylogenetic placement of the 
haloarchaea as derived methanogens is correct. This contradicts the results of a 
previous analysis of shared orthologs [8].  As expected, their position as topological 
neighbors of the Methanosarcinales and as a relatively late-diverging lineage is 
strongly supported in all analyses, indicating that our analyses are not effected by 
systematic biases that may cause the haloarchaea to be “deep-branching”. From the 
HGT analysis we estimate that up to 47% of H. marismortui and 43% of 
Halobacterium NRC-1 genes are bacterial in origin.  This is a clear and consistent 
signal. The phylogenetic placement of the haloarchaea as early diverging archaea 
based on shared orthologs [8] seems most likely an artefact of this significant 
bacterial contribution. 
 
Because of the strong support for the placement of the haloarchaea as a late diverging 
euryarchaeote from the taxonomic congruence and total evidence analyses, it seems 
very unparsimonious to suggest that the haloarchaeal genes that only have bacterial 
homologs are ancestrally derived.  We would have to invoke additional large-scale 
independent losses of genes in the other Archaea.  The same reasoning holds true for 
those genes with greatest similarity to bacterial genes and with lower levels of 
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similarity to archaeal genes.  This leaves HGT as the most likely cause for the 
presence of these genes. 
 
The scale of the change necessary for a CO2-reducing chemolithotroph to develop 
into an aerobic autophosphorylating heterotroph is enormous, and the genes from the 
ancestral HGT events are likely to be the haloarchaea-making genes.  For example, 
heterotrophy would require the ability to take up organic molecules (like amino acids, 
vitamins, lipids or glucose) and bacterial ABC transporters (which make up nearly 
half of all the transporters involved in the ancestral HGT events) are designed for 
these purposes. Another obstacle to heterotrophy would be energy production and we 
find that the second largest group of genes from ancestral HGT events are involved in 
energy metabolism (Table 1). Other requirements for heterotrophy are met with 
bacterial cell envelope components, and cellular processes acquired through ancient 
HGT. While we do find a large number of haloarchaeal genes from key metabolic 
pathways originated from the Bacteria (Table 1), they do not makeup the majority of 
the genes in these pathways. This may be because of our desire to be as conservative 
as possible at each step of the analysis or simply because we cannot identify 
homologs in any other genome for over 40% of the genes in both of the haloarchaea. 
A third possibility however is that these key metabolic processes only require minor 
changes to make use of the molecules provided by the new transport systems 
incorporated into the organism. Future analyses may clarify this point. 
 
The scale of the transfers from the bacteria to the haloarchaea suggests an 
evolutionary scenario similar to that proposed by the “hydrogen hypothesis” {Martin, 
1998 #43} whereby a methanogen evolves into a heterotroph by endosymbiosis with 
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a eubacteria. In that instance, the gene transfers occurred by endosymbiotic gene 
transfer, resulting in a genome comprised of a mosaic of archaeal and eubacterial 
genes {Esser, 2004 #44}. As attractive as it would be to suggest our results support 
this scenario, we have not been able to pinpoint a single bacterial donor of the genes 
horizontally transferred into the archaea, even though there was a consistent 
phylogenetic signal from the bacterial domain.  This may be because there wasn’t a 
single donor, but also it could be due to the sparseness of current sampling of 
bacterial genomes or the inadequacy of sequence-based methods of reconstructing 
relationships within the Bacteria. More likely though is that the acquisition of the 
genes occurred in a cascade of HGT events. Recent studies have suggested that there 
is elevated rates of both HGT and recombination in the haloarchaea [32, 33], however 
the level of inter-domain HGT reported here is unprecedented. Interestingly though, 
the tree in figure 2 suggests that the transition from methanogen may have occurred at 
least 3 independent times, leading to Thermoplasmatales, Archaeoglobales and 
Halobacteriales, and merits further study. Indeed, sequencing the genome of 
Methanosarcina mazei (which belongs to the sister group to the haloarchaea (Figure 
2)) revealed putative horizontal transfers from the bacteria that may have had 
widespread effects on its metabolic capability. Perhaps such drastic physiological 
changes are easily accepted in these groups; certainly the major organisational and 
content differences between the two closely related haloarchaeal genomes {Baliga, 
2004 #41} suggest this may be the case. 
 
We may also speculate that when we find homologs of the 43% of the H. 
marismortui and 44% of the Halobacterium NRC-1 genes that are without relatives in 
the currently annotated genomes, the majority will probably be operational genes.  
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This is because we are unlikely to discover entirely new information-processing 
schemes.  Given that informational genes in these genomes are overwhelmingly of 
archaeal origin and operational genes have a much stronger tendency to be bacterial, 
the final count for the haloarchaea could be that their genomes have a greater number 
of bacterial genes than archaeal genes. 
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Legends: 
Figure 1 
Determining the origin of haloarchaeal genes. Following the retention of only the 
most highly supported (greater than 70% BP support) hypotheses of relationships, 
each of the trees containing a haloarchaeal gene was examined by eye to determine 
it’s origin. The grey branches represent the four broad classifications of the gene 
position used to determine its likelihood of having undergone a HGT. A) Definite 
HGT: The haloarchaeal gene was placed within a highly supported group of Bacteria  
separate to other Archaea. B) Likely HGT: The haloarchaeal gene was placed with 
high support as a sister group to a Bacterial clade. C & D) Not HGT: The 
haloarchaeal gene was placed as a sister group to an Archaeal or was placed within an 
Archaeal clade. The only classification not illustrated is Unlikely HGT: when the 
haloarchaeal gene had low bootstrap support for its placement in the tree. 
 
Figure 2 
The hypotheses of archaeal relationships of as reconstructed using all six total 
evidence (TE) approaches. All three analyses using MrBayes found clade probability 
values of 1 for every branch. With the Puzzle analysis, as the fastest sites were 
stripped the support for the tree increased until there was greater then 95% BP support 
for all internal branches. The tree also agreed with those strongly supported clades 
from the two Taxonomic Congruence (TC) approaches. 
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Figure 3 
An example of interacting metabolic pathways for which ancestral haloarchaeal HGT 
genes have been found.  The central pathway is the anaerobic reoxidation of pyruvate 
(ARP). The conversion of phosphoenolpyruvate to pyruvate is the last step of 
glycolysis. The pathways in blue are those that interact with the products of glycolysis 
or ARP that contain genes that have been identified to have been acquired through 
ancient HGT. The fractions in the blue boxes are the number of definite ancient HGT 
genes present, out of the total number of genes that H. marismortui possesses from 
the pathway. The circles represent products and the rectangles connecting them 
indicate the enzymes that produce those products. The enzymes in yellow are the 
genes from ARP that have been identified as having arisen through ancient HGT. The 
enzymes in yellow are as follows: 2.7.1.40: pyruvate kinase; 1.2.4.1: pyruvate 
dehydrogenase E1 component alpha subunit; 1.8.1.4: dihydrolipoamide 
dehydrogenase; 1.1.1.1 and 1.1.1.2: alcohol dehydrogenase; 1.2.1.3: aldehyde 
dehydrogenase. 
 
Table 1 
The functional categories of the genes acquired prior to the separation of 
Halobacterium NRC-1 and H. marismortui (the ancestral haloarchaeal HGT events). 
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Table 1: 
 
Functional Classification Number of genes 
Amino Acid metabolism 9 
Nucleotide metabolism 6 
Cofactor metabolism 4 
Energy Metabolism 26 
Cell envelope components 12 
Transport 49 
Cellular processes 10 
DNA replication, repair, recombintion 6 
Transcription 2 
Regulation 17 
Translation 5 
Miscellaneous 80 
Hypothetical 55 
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